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I. Introduction
ape springs are defined as thin-walled, straight strips of material with curved cross-sections, and the most common example of tape springs are carpenters' tape measures. 1 They can be considered thin shells with structural depth determined by the radius and length of the circular-arc-shaped cross-section. Tape springs can be flattened to the shell thickness and folded or rolled. They have the ability to self-deploy, and they are very stiff once straightened. Tape springs offer excellent packaging efficiency in terms of deployed size versus stowed size. Tape springs allow for booms to be stowed and deployed without the use of mechanical joints, making them less complicated, more robust, and less expensive to manufacture than booms with other joint approaches. All of these properties make tape springs attractive for use in space structures, an application for which they have been considered for several years. [2] [3] [4] T Using carbon-fiber composites as tape-spring material increases the stiffness-to-mass ratio beyond that of traditional, metal tape springs, allows greater flexibility and customization in their design, and takes advantage of superior thermal expansion properties. Carbon-fiber-composite tape springs have been proposed for use in several space applications, primarily as instrument booms or support trusses. [1] [2] [3] The combination of the tape-spring configuration and carbon-fiber-composite material is an optimal solution to the complex problem of selecting space hardware to maximize strength and stiffness while minimizing mass and packaging volume. 4 Carbon-fiber-composite tape springs have the potential to be widely applicable in satellite systems and are particularly attractive to the space optics community driving for lighter, larger, and therefore more efficient and powerful telescopes. They have not been investigated, however, for optical-level deployment precision. Here, acknowledging the potential for control systems to correct alignment aberrations of several millimeters, optical-level precision refers to a desired repeatability on the order of 100 microns. This paper investigates through experimental data the deployment precision of single tape springs in an inherently stable tripod configuration similar in shape to a Ritchey-Chrétien-type Cassegrain telescope. Two types of tape springs were investigated: one comprised solely of carbon-fiber composite and one that incorporates thin metal strips at the hinges to add robustness and increase the packaging ratio.
II. Experimental Setup
Experimental data was recorded for two cases of carbon-fiber-composite tape springs. The first case involved individual springs in a two-dimensional deployment and the second involved three springs in a threedimensional tripod configuration. The precision and repeatability of the deployments in both cases was measured by On-Trak PSM2 10mm Position Sensing Detectors (PSD's) shown in Figure 1 . The PSM2 sensor is a single silicon photodiode 10mm on a side that provides an analog output of location of the centroid of the laser spot incident on its surface to a resolution of 250nm. Lasers were mounted directly to the ends of the tape springs in the twodimensional (2D) tests and to the simulated secondary mirror in the three-dimensional (3D) tests. Figure 2 shows solid-model representations of the test configurations, which were chosen to gain experience in a traceable geometry with testing the performance of the tape springs both as a single truss element and as a built-up structure. Both tests were conducted while mounted to a large 2.67x2.67x0.61m air-cushioned granite block to isolate the tests from ground vibrations.
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Laser Path Primary Mirror configuration here mimics the shape of a 0.3048m (12.00in) diameter primary mirror, a 0.1016m (4.00in) diameter secondary mirror, and a 0.3048m standoff distance of the secondary from the primary. In Figure 2 (b), the geometries of the triangular plates at the mirror locations, labeled "secondary mirror" and "primary mirror" for simplicity, were determined by inscribing triangles in the 0.3048m and 0.1016m diameter circles representing the mirrors. This configuration dictated a tape-spring length of 0.3213m (12.65in). The tape springs, lasers, and sensors are all therefore attached to what would be the outer circumference of the primary or secondary mirrors. The geometry of this 3D test is not ideal as a direct application to telescope; rather, the geometry allows testing of fundamental structural elements with sensor geometry traceable to larger systems. Tape springs of the length, width, and curvature used in the 3D test were also used in the 2D test. Figure 3 shows images of the 2D and 3D tests. In the 3D testing configuration, the lasers were mechanically mounted on the secondary mirror, but in the 2D tests, they were attached directly to the tape springs. To fix the lasers to the tape spring, each laser was adhered to the tape spring and secured with a pressure fitting of aluminum tape. The aluminum tape was packed around the laser to minimize movement of the laser relative to the tape spring.
The clamp configuration of Figure 3 (a) indicates a difficulty of mounting the tape springs in the 2D configuration. A flat clamp across the entire width of the curved spring was impractical because it would flatten the portion of the spring in the clamp. When part of the spring is flattened, it has little transverse bending stiffness and is therefore too unstable for use in these experimental investigations. Curved clamps presented implementation difficulties. The optimum solution in this case was to clamp a small length of the tape spring over just a portion of the width, as shown in Figure 3 Tape springs tend to snap back into their original shape after being folded. To reduce the possibility of loosening the laser, the tape springs in the 2D tests were guided slowly back to the deployed configuration by hand and thereby not allowed to snap. In the 3D tests the weight of the secondary mirror was sufficient to prevent the tape springs from returning to a straight (deployed) configuration without assistance. The secondary mirror was therefore also deployed manually to limit any snapping and accompanying shock loads that might alter the laser, spring, and sensor alignment.
III. Tape Spring Design and Manufacturing
Instead of rolling the tape spring along its entire length as in a tape measure -clearly impractical based on the geometry shown in Figures 2(b) , 3(b) and 3(c) -the springs used here are manufactured with hinges along their length to allow the tripod structure to be folded down, bringing the secondary mirror directly on top of the primary. The majority of each tape spring is comprised of two plies of woven, +45/-45 IM7-977 carbon-fiber composite with one or more hinges along its length l. Each hinge is 15mm in length, extends the entire width w of the spring, and is comprised of a single ply of IM7. The springs all have a radius of curvature, R, equal to the cylindrical mandrel on which they are cast and subtending 1/3 of the circumference of the circular cross-section (θ = 120°).
When a tape spring bends, the radius of curvature of the bend, r, is equal to the radius R of the spring itself (see Figure 4) . The analytic description of r = R can be found in Reference 1. The carbon-fiber composite tolerates fairly high geometric strains, and so the 15mm length (l h ) of the hinge is much less than the radius R of the spring (thus r << R). Decreasing r decreases the distance 2r between the two folded, flat sections of tape spring and thereby increases the packaging ratio. A decreasing r and r<<R condition also indicate a high-strain condition, however, and associated stress concentrations in the hinge can lead to delamination and eventual failure of the hinge. The stress concentrations on the bent hinge are most severe toward the edges along width w. To maintain a constant r along the entire width w of the hinge and therefore reduce stress concentrations, strips of 1.5mm-wide flat metal ribbon are placed along the outer edges of the tape springs at the hinge locations as shown in Figure 5 .
For the hinge on the tape springs to fold, or for any part of the tape spring to roll, it must flatten from its natural curvature R (mathematically, the radius of curvature goes from R to infinity). When part of the spring is flattened, it has little transverse bending stiffness and is easily bent or rolled. In attaching the springs to the metal plates that simulate the primary and secondary mirrors, the springs are flattened at the attachment point. The attachment points are therefore natural hinge locations. Another hinge is added in the middle of the springs, and folded in an opposite direction such that the tripod stows as shown in Figure 3 (b). In the 2D tests only one hinge is present in the middle of the springs.
IV. Sensor Measurements
In the 2D case shown in Figures 2 and 3 , the laser was aligned along the central axis of the tape spring and is incident perpendicular to the sensor. Therefore any x or y displacement measured on the sensor related directly to an x or y displacement in the tip of the spring, meaning that configuration was a direct measurement of the position of the tape spring. The displacement of the tip of the tape spring was determined using right similar triangles as shown in Figure 6 .
where a is the distance from the hinge to the tip of the tape spring, b is the displacement of the tip of the tape spring, c is the distance from the hinge to the PSD sensor, d is the displacement measured on the PSD sensor, and all triangles are assumed to be right. , i={x, y, z} and j={1, 2, 3}, is the displacement defined in Figure 8 on sensor j in direction i, {x k , y k , z k }, k={1, 2, 3} are the global 3D locations of the laser origin points 1, 2, 3 on the secondary mirror defined in Figure 7 ,
o and ψ 1 =120 o are the rotations about the Z-axis to orient sensors 2 and 3 to the global axes, and α is the angle at which the sensors must be titled above horizontal to create a right angle when the laser strikes the center of the sensor. The three laser origin points 1, 2, 3 in Figure 7 (a) that define the plane of the secondary mirror are used to solve for the centroid position and angular orientation of the secondary mirror. The centroid location allows calculation of the X, Y, and Z displacements as decentering-type and piston-type alignment errors, and the angular orientation directly provides the tip, tilt, and rotational angles. These derivations are also shown in Appendix A.
This approach yields simple, invertable equations yet includes multiple geometric assumptions, and so a simulation was run in which displacements and rotations were applied to the secondary mirror represented by three 3D points corresponding to the laser origin points 1, 2, 3 and vectors representing the laser beams. The locations at which the displaced or rotated laser vectors intersected the sensors were then calculated, and the above Equations (2) and were applied to solve for the three laser origin points on the secondary mirror. Those three three-dimensional points were then used in the equations listed in Appendix A to calculate the six DOFs of the mirror. The results of the study yield an estimation of the error present in the application of Appendix A and Equations (2), where the Input Value was the applied displacement or rotation and the Output Value was the resultant of Equations (2) (2), which require the local z displacements (P z j ) on the sensors to exactly calculate the displacements of the laser origin points. The sensors are only capable of measuring local x and y displacements across their surfaces, and therefore in all cases the local z displacement was set to zero (P z j = 0 for j = 1,2,3). The goal of this effort is to demonstrate the order of the shape quality rather than the absolute value, and so this level of error is taken as acceptable.
Because of the size limitations of the sensors and the geometry of the test setup, the maximum X or Y (decenter) displacement of the secondary mirror that could be measured was 5mm, and the maximum Z (piston) displacement was 1.6mm. The maximum tip and tilt about the X and Y axes θ x and θ y respectively were 0.9 and 1.0 degrees, and the maximum rotation about the Z axis θ z was 1.9 degrees.
V. Experimental Data
The 2D data presented here were collected by reading an initial position of the laser attached to the tip of a single tape spring on the PSD, as shown in Figure 3(a) , then actuating the hinge and bending the tip of the spring back toward the clamped end. The tip was then guided back to its original position by hand to prevent the spring from snapping into place as discussed above, and the data collection was initiated. The location of the laser on the sensor was recorded every 10 seconds for periods of time ranging from several minutes to several hours. All of the 2D data shown here was taken from multiple bends of two different tape-springs. Tables 1(a) and 1(b) demonstrate that the presence of the metal strip in the hinge of the tape springs leads to a significant improvement in repeatability. Even without the metal strips, however, four of the six bends of the tape spring yielded final tip displacements from the original position of less than the desired 100µm. The metal strips do, however, achieve a three-fold increase in the precision of the deployments, from 189µm to 50µm. The "absolute average" value reported in the tables is an average of the absolute displacements from the original position that neglects their signs (directions). The total displacement was calculated as the square root of the sum of the squares of the absolute averages.
Tables 1(a) and 1(b) also report the time required to achieve steady-state displacement positions after the actuation of the tape springs. Several tests were run with varying durations, but in almost all cases a similar steadystate value was observed with consistent recovery of stowage-induced strains. This result was also observed in Reference 5.
It should also be noted that, as seen in Figure 9 , the final locations to which the tape springs settled were not the original locations; and in only one of the cases the data trend toward the original location. This disparity likely results not from a permanent elastic deformation in the tape spring but from slippage of the tape spring in the clamp shown in Figure 3(a) . Such slippage resulted from the bending of the spring. A more stable method of securing the springs is expected to improve the data quality.
Even with slippage in the clamp, the data in Tables 1(a) and 1(b) indicate that carbon-fiber-composite tape springs are capable of micron-level deployment precision after multiple stow-and-deploy cycles. The data also indicate no significant performance degradation as a function of number of cycles.
The subsequent 3D sets of experimental data checked conclusions of the 2D tests by testing the tape springs in an inherently-stable, deployed-tripod configuration that approximates a compact Cassegrain-type telescope. All of the 3D data presented here were taken by reading initial locations of the lasers on the sensors and then folding the secondary mirror down into the stowed configuration shown in Figure 3 (b). The secondary mirror was then slowly raised by hand back up to its starting, deployed position shown in Figure 3 These data were input into Equations (2) to solve for the locations of the laser origin points on the plane of the secondary mirror, which were then used to solve for the six degree-of-freedom displacements according to Table 3 (b) -3D displacement of secondary mirror from tripod setup with metal strips Deployment Count -37  12  15  10  38  2  5  18  -3  25  16  159  3  30  42  6  7  24  34  4  123  -81  20  25  45  204  5  -56  11  15  7  20  53  6  5  5  3  5  2  22  7  81  -3  0  8  6 The results in Tables 3(a) and 3(b) show that the tape springs in the tripod configuration are more stable than they are individually. The average displacements in both hinges without and with metal strips were below 50µm, a three-fold improvement from the single tape spring 2D configuration, and the majority of the tilt and rotation angles are below 100 microradians. Unlike the 2D results, these data show little or no improvement in repeatability from using metal strips in the hinges. All of the data is well within the desired 100µm bound for optical-level controllability. Figure 10 shows that most of the final position variability occurs in the XY plane -seen by the random dispersion of data points in that graph versus the other two in which the data points tend to lie along the Z = 0 lineindicating there is less error in the Z or piston direction. It also shows that, in all but three of the trials, the displacements after deployment of the tripod were within the 100µm desired bound (represented by a blue boundary in the figure) . The tape-spring tripod is more compliant in the lateral XY plane because the tape springs are much stiffer in axial compression than in lateral cantilever bending, and this increased compliance appears consistent with the wider range of final position. 
VI. Summary
Thin walled, straight strips of carbon-fiber-composite weave with curved cross-sections known as tape springs were tested here to determine their utility in optical applications as mirror supports. They were tested in two configurations, as single springs in simple 2D bending tests and in an inherently stable 3D tripod configuration simulating a Ritchey-Chrétien-shaped Cassegrain telescope. A highly accurate sensing system comprised of lasers and photodiode sensors was used (1) to measure the exact location of the tip of the tape spring after bending in the 2D tests and (2) to measure the six displacement degrees of freedom of the secondary mirror after deployment in the 3D tests. Single tape-springs measured in two dimensions were found to return to within 100µm of their original positions on average. There was also no significant degradation in precision as a function of number of bends. The stable 3D tripod configuration showed a more accurate deployment precision than the individual springs. The average displacement of the 3D deployments was approximately 50µm, again well within the desired optical precision levels of about 100µm. -11-
Appendix A
The objective is to solve for the global X,Y,Z-direction displacements on the secondary mirror as a function of displacements on the PSD sensors. The geometry of the secondary mirror and sensor is provided in Figure 7 , and that of the PSD sensor in Figure 8 . The equations below are derived based on the assumption that the displacement vectors from the original pre-stowage laser spots to the new post-deployment laser spots measured by the PSD sensors in the local coordinate systems are identical to the corresponding 3D displacement vectors of the laser origin points.
For sensor #1 the PSD displacement vector components in the local PSD coordinate system are {P 
